ABSTRACT: Similar to pelagic larval dispersal, it has been suggested that dispersal of post-larval benthic organisms and species with direct development plays an important role in population persistence. However, effective dispersal distances required for the maintenance of local populations have been poorly characterized. This study elucidated distance effects on patterns and processes in dispersal of the amphipod Incisocalliope symbioticus, which is associated exclusively with the gorgonian octocoral Melithaea flabellifera. Dispersal patterns over an annual cycle were examined by the placement of defaunated gorgonians at 3 distance levels (< 0.2, 8, 70 m) for 1 wk. With an increase in distance from the source population, the dispersal rate decreased; conversely, the proportion of females and large individuals increased. This result suggested that colonizers that dispersed over long distances had the potential for rapid establishment of breeding aggregations, and therefore were responsible for the maintenance of local populations. Furthermore, the short-distance dispersal within a local population was dependent on the density of the resident population, whereas middleand long-distance dispersal resulted from density-independent passive transport, driven by typhoon and storm events. Results of direct observations on the movements of live and, as a control, dead amphipods toward a gorgonian patch in the field showed that the amphipods had sufficient swimming ability (3.4 m min -1 ) for short-distance dispersal, and actively selected to move toward the patch. These results indicated that the combination of passive transport and the active selection enables the amphipod to migrate over long distances among local populations, even though the habitat of the amphipod only occurs sporadically.
INTRODUCTION
Dispersal is an important process that can regulate local and regional population persistence. Effects of dispersal on population persistence are particularly important in marine organisms, because many of them disperse over a long distance during pelagic larval stages (Underwood & Fairweather 1989) . On the other hand, post-larval benthic organisms and species with direct development have long been thought to be restricted in dispersal ability required to maintain local populations. Recently, dispersal patterns and processes of post-larval benthic organisms and species with direct development have been studied quantitatively, using benthic invertebrates in soft sediment (Commito et al. 1995a ,b, Armonies 1996 , Hewitt et al. 1996 , Turner et al. 1997 , Norkko et al. 2001 , Commito & Tita 2002 , Etherington & Eggleston 2003 , Reyns & Eggleston 2004 , Commito et al. 2005 . Norkko et al. (2001) directly showed that juvenile bivalves disperse over scales of meters within 1 tidal cycle. Post-larval dispersal over a relatively long distance has been suggested, based on changing temporal patterns in the horizontal distribution of juveniles (Armonies 1996 , Hewitt et al. 1996 , Etherington & Eggleston 2003 . Some amphipods, a major group having direct development, have wide distributions beyond more than 2 tectonic plates (Myers 1993) . This evidence suggests that their dispersal plays an important role in the maintenance of local and regional populations (Palmer et al. 1996) .
However, it remains unclear how dispersal patterns and processes of post-larval benthic organisms and species with direct development change with dispersal distance (Norkko et al. 2001) . Hence, effective dispersal distance for the maintenance of local populations has been poorly described for post-larval benthic organisms and species with direct development (Palmer et al. 1996) . While some studies have examined distance effects on the dispersal patterns by using plant-associated amphipods, these studies showed inconsistent patterns. For example, while dispersal was found to be limited to short distances (Gunnill 1982) , dispersal rates were conversely found to increase with increases in dispersal distance (Virnstein & Curran 1986 , Tanaka & Leite 2004 . These patterns seem to be affected not only by distance effects but also by other processes.
Composition of life history stages and sizes of individuals may vary with the increase in dispersal distance in species with direct development, but to date no study has clarified the effect of dispersal distance on the size and sex composition of the colonizing individuals. Furthermore, processes of long-distance dispersal in post-larval benthic organisms and species with direct development also remain poorly understood. A possible mechanism is passive dispersal: rafting accompanying drifting substrates such as seaweeds and logs (Kingsford & Choat 1985 , Johannesson 1988 , Myers 1993 . If a habitat substrate drifts with the current (Kingsford & Choat 1985) , or direct developers colonize drifting substrate (Brooks & Bell 2001) , they could raft over long distances, since they do not have to depend on the time limit of the larval duration. Similarly, passive transports in the water column such as pelagic larvae (Palmer et al. 1996) , which have a bedload resuspended by strong wind (e.g. Commito et al. 1995b , Turner et al. 1997 , Reyns & Eggleston 2004 and surface tension of water (Highsmith 1985) , have been suggested in the literature. However, there is little empirical evidence to show that rafting and the other passive transport mechanisms are related to longdistance dispersal of species with direct development (but see Brooks & Bell 2001) .
A practical method to investigate distance effects on dispersal in marine systems is the use of recolonization experiments (e.g. Gunnill 1982 , Virnstein & Curran 1986 , Tanaka & Leite 2004 . Dispersal distance is defined as the distance from the margin of the nearest natural habitat to that of the experimental patches. Thus, suitable species for the method are habitatspecialists having homogeneous habitats with a welldefined boundary that can therefore be easily mapped in the field. The amphipod Incisocalliope symbioticus (= Pleusymtes symbiotica Gamo & Shinpo, 1992 ) is a suitable study organism for this aim, for the following reasons. Firstly, the amphipod is associated exclusively with the gorgonian octocoral Melithaea flabellifera (Kükenthal). The amphipod dominates the epifaunal community on the gorgonian in terms of number (usually > 80%). Few possible competitors and predators occur on the gorgonian (Kumagai & Aoki 2003) , which often can affect dispersal patterns. Secondly, M. flabellifera populations can be mapped easily. This is because they occur only on the undersurfaces of large overhanging rock walls. Another advantage is that gorgonians including M. flabellifera show minimal seasonal change in the standing crop (e.g. Yoshioka & Yoshioka 1991 , Kumagai et al. 2004 , unlike seaweeds and seagrasses. Thirdly, the gorgonian is suitable for experimental manipulations needed for recolonization experiments such as transplantation and complete defaunation of epifauna without destruction of samples (Kumagai et al. 2004) .
In this study, short-term recolonization experiments using defaunated gorgonians over 3 distance levels (< 0.2, 8, 70 m) and observations of amphipod movements in the field were carried out as a model of dispersal dynamics of marine benthic invertebrates with direct development. For this aim, the following questions were addressed: (1) How do patterns and processes of amphipod dispersal change with increases in dispersal distance? (2) What are the roles of active and passive movement in amphipod dispersal?
MATERIALS AND METHODS
Study organisms and study sites. Incisocalliope symbioticus was initially mistakenly described as Pleusymtes symbiotica by Gamo & Shinpo (1992) but should have been placed in the genus Parapleustes (S. Ishimaru pers. comm.). After that, Bousfield & Hendrycks (1994 divided Parapleustes into 7 genera, but P. symbiotica was not included in their studies. According to their criterion, the species should be placed in the genus Incisocalliope (S. Ishimaru pers. comm.). Thus, the name I. symbioticus was adopted in this study.
The study sites were subtidal rocky outcrops surrounded by sandy substrate in Oura Bay, Shimoda, Izu Peninsula, Japan (34°40' 00'' N, 138°56' 30'' E) (Fig. 1) . The vertical distribution of Melithaea flabellifera ranges from the upper limit of the infralittoral zone to 15 m in depth in Oura Bay. Other than M. flabellifera, there are only a few gorgonian colonies of Euplexaura sp. in the bay, but no Incisocalliope symbioticus has been found to occur on Euplexaura sp. (unpubl. data).
Mean height of M. flabellifera colonies in the bay is ca. 5 cm (unpubl. data). Colonies of M. flabellifera occur only on the undersurfaces of overhanging large rock walls. There are 5 large dense M. flabellifera patches in Oura Bay (Fig. 1) . Each patch comprises 390 to 1800 colonies (8 to 60 m 2 , ca. 180 colonies m -2 ), which account for about 90% of the gorgonians in Oura Bay (unpubl. data).
Short-term recolonization experiments over 3 dispersal distances. Dispersal rate of the amphipod was investigated over 3 distance levels by recolonization experiments. All of the experimental sites were natural habitats that are now (or, prior to the experiment, were) inhabited by both Melithaea flabellifera and Incisocalliope symbioticus. Each experimental site was designed to keep the gorgonian samples in good condition even at the expense of uniformity in the construction and location of the sites. In a preliminary experiment, some gorgonian colonies that were transplanted to sites where gorgonians normally do not occur showed deterioration of condition, with the mucus covering the colony surface peeling off. Consequently, habitat generalists that are usually absent from M. flabellifera colonized these gorgonians instead of I. symbioticus. So long as gorgonians remain in good condition, abundance and host preference of the amphipod are affected very little by surrounding environmental conditions (unpubl. data). That is, with increasing distance of the recolonization experiments, which were carried out over scales from centimeters to 10s of meters, the effects of distance will override any location effects.
Experimental sites: The short-distance dispersal was examined within the largest gorgonian patch in Oura Bay (Fig. 1) . Distance among gorgonian colonies within the patch was less than 0.2 m. The middledistance experiment was done at a small overhanging rock wall (about 4 m 2 ), 8 m from the margin of the largest patch (Fig. 1) . The rock wall was found to be inhabited by about 20 colonies of Melithaea flabellifera with Incisocalliope symbioticus during a preliminary survey in July 2001. Both gorgonians and associated amphipods were removed before the experiments. The long-distance experiment was done at the undersurface of the ceiling of 3 hollow artificial concrete reefs (inner size: 0.45 × 0.45 × 0.60 m), which were 0.80 m apart from each other. The reefs were 70 m from the nearest natural patch of gorgonians located near the mouth of Oura Bay (Fig. 1) . The reefs were set up in October 1995. During a preliminary investigation on 19 April 2000, one of the reefs was found to be colonized by a large colony of M. flabellifera (18 cm in height, with 75 individuals of I. symbioticus present). This indicated that the reefs were a suitable habitat for M. flabellifera and I. symbioticus, even though the reefs were artificial. The gorgonian and associated epifauna were removed on 19 April 2000. Direction from large gorgonian patch to each experimental site is largely consistent with the wave direction in Oura Bay (see Obara 1937) . The shortest distance of the short-, middle-and long-dispersal experiments was, respectively, < 0.2 m (within a local population), 8 m, and 70 m (distances representing among local populations). No gorgonian was found in any direction within the studied distances of the middle-and long-distance dispersals.
Preparation of experiments: Gorgonian samples, 5 to 12 cm in height, were haphazardly collected in Oura Bay 1 to 4 d before each experiment. At each experimental time, new samples were deployed. The whole colony was collected by detaching its base from the substratum in the middle-and long-distance experiments. In contrast, the basal 1 to 2 cm part of the stem was left for the short-distance experiment. Until initiation of the experiments, collected samples were kept hanging in the running seawater pool at Shimoda Marine Research Center, University of Tsukuba (Fig. 1) . The samples were completely defaunated: the majority of amphipods were removed by repeated sub- Experimental procedure: Dispersal rate of the amphipod over 1 wk was measured at each transplanted or reattached gorgonian sample. The experimental period was set at 1 wk to avoid possible increase of individuals by the reproduction of colonizers, which should not occur within this time period. Increase by reproduction during the experimental period(s) of this study was negligible. If it had not been negligible, composition of amphipod samples would have been strongly biased, i.e. 1 mature female and many small juveniles within 1 gorgonian sample, but no such compositions were observed throughout the study. The short-distance experiments were conducted from May 2001 to September 2002 with 1 to 3 mo intervals. The gorgonian samples used for the experiments were reattached to their original stems with a rubber band (diameter: 18 mm); see details in Kumagai et al. (2004) . This method was different from that of the middle-and long-distance experiments, to avoid breaking or affecting adjacent natural gorgonian colonies. However, the reattachment procedure broke some of original stems, and thus the number of the gorgonian samples varied between 3 and 8. The middle-and long-distance dispersals were investigated between August 2001 and December 2002 on a fortnightly or monthly basis. For the middle-and long-distance experiments, 6 and 9 samples, respectively, were used at a time. Samples for the middle-distance experiment were haphazardly transplanted to the undersurface of the small overhanging rock wall. For the long-distance experiment, 3 samples per artificial concrete block were transplanted. The distance among samples within a block was about 15 cm. For the middle-and long-distance experiments, each gorgonian sample was attached to a projection (ca. 2 cm) with a plastic base, using a short piece of polypropylene tubing. The projections were affixed to the substrate at each study site beforehand; see details of the transplantation techniques in Kumagai et al. (2004) .
Treatment of samples: At retrieval, each gorgonian sample was gently enclosed by a plastic bag down to the stem and detached, preventing amphipods from escaping. The retrieved samples were immediately brought back to the laboratory and examined under a binocular microscope. For each sample, all amphipods were carefully separated and counted. After removal of all epifauna, the wet weight of each gorgonian sample was measured. The dispersal rates of amphipods were calculated per unit wet weight of each gorgonian sample. Furthermore, amphipod samples were categorized into newly hatched, juveniles, males, immature females and mature females. Individuals with a pair of penial papillae on the ventral side were defined as males, those having oostegites with marginal setae as mature females, those without the setae as immature females, and those not having any of these characters as juveniles. Among juveniles, individuals having a 5-segmented flagellum on the first antenna and belonging to the smallest size class were identified as 'newly hatched', because the first antenna of all hatched juveniles in the brood pouch also have a 5-segmented flagellum on the first antenna (unpubl. data). There is no readily useable criterion for assessing sexual maturity in males. After sex and stage discrimination, cephalon length was measured for all specimens obtained in the middle-and long-distance experiments. Subsamples were examined for the resident population and short-distance dispersal experiment: amphipod specimens from 4 gorgonian samples were randomly selected from each and examined. Cephalon length of the amphipod specimens was measured using a video micrometer (YM-60, Olympus) connected to a binocular microscope.
The data were pooled over the whole study period (May 2001 to December 2002 to increase the number of samples, and the composition of stages and sexes and size-frequency distributions were then compared among the resident population and colonizers in each of the dispersal experiments. To confirm the validity of the pooled data, data limited only to the summer of 2002 were also analyzed; the pattern of changes in composition was consistent with that of the former, and thus only pooled data are shown.
Observations of amphipod movements in the field. Observations of amphipod movement were conducted around the largest gorgonian patch mentioned above (Fig. 1) . In order to examine the ability to settle on the gorgonian, movements of the amphipod from 2 release points were directly observed. Gorgonian colonies and undersurface of the rock walls were hidden from both of the points by the overhang. Point A was 2 m from the margin of the gorgonian patch. Point B was 8 m from the margin of the patch and 2 m from the small overhanging rock wall (Fig. 2) . The rock wall was defaunated before the experiments as described above. Release depth at both points was 0.5 m. Water depth at Point A was 3 m and that of Point B was 2 m.
In order to distinguish active transport from passive transport, movements of living and dead amphipod specimens were compared. Living specimens were comprised of 20 intact amphipods, whose body length was 1.5 to 4.0 mm (juveniles to adults). The same number and approximate size range of dead amphipods was used as a control. Live specimens were collected at the largest patch ( Fig. 1) 1 day in advance of observations. Dead specimens were collected at the patch 1 wk before observations, and were fixed in neutralized 5% formalin in seawater and dyed with Rose Bengal. The observations were conducted on the morning of 25 May 2004 (neap tide). Surf condition was very calm and water temperature was 20.1°C. At each release point, the specimens were released one by one, and each specimen was observed by a diver for 3 min. Arrival or non-arrival was confirmed for each specimen. The time required for each amphipod to move from the release points to the margin of the gorgonian patch was measured with a stopwatch. If the specimen arrived at the patch, the time was recorded.
Data analyses. Overall differences in amphipod density and dispersal rates were tested using 2-way ANOVA, with experiments (the resident populations and colonizers over 3 distance levels) and months as factors. If significant differences were found, multiple pairwise comparisons were done and the p-values adjusted to an overall level using the sequential Bonferroni correction (Sokal & Rohlf 1995) . In the same way, changes in the composition of life history stages and sexes (reflected by changes in shape of size-frequency distribution) were tested using chi-square tests with the sequential-Bonferroni correction. Overall changes in location of sizefrequency distribution were examined by KruskalWallis test, and multiple comparisons were done by Mann-Whitney U-test. The p-values for these analyses were adjusted with the sequential-Bonferroni correction. The differences in size frequency distributions represented differences in the composition of life history stages, which were already analyzed using chi-square tests. Temporal changes in the dispersal rate were analyzed by 1-way ANOVA. Furthermore, multiple forward stepwise regression analyses were performed to determine which combination of dependent variables best accounted for the variation in each dispersal rate over short-, middle-and long-distance dispersal.
Dependent variables used for the analyses were (1) the density of the resident population of the amphipod (Kumagai & Aoki 2003) , (2) the water temperature of the population (unpubl. data), (3) daily marine meteorological data at Cape Irozaki (34°36' N, 138°51' E: near to the study site), (4) monthly wave data of the maximum significant wave height at Shimoda Bay (34°40' N, 138°57' E: adjacent to the study site) (data available from www.pari.go.jp), as indices of the hydrodynamic drag force, and (5) the persistence rate of transplanted gorgonian samples (Kumagai et al. 2004 ). The persistence rate was obtained from the ratio of the number of the remaining transplanted gorgonians to their initial number. The persistence rate was also used as an index of the hydrodynamic force, because loss of gorgonian samples was due to detachment by hydrodynamic force of wave, which is the major cause of death in gorgonians (Yoshioka & Yoshioka 1991 , Kumagai et al. 2004 . All the remaining gorgonians were in good condition. The mean persistence rates of the short-, middle-and long-distance experiments were, respectively, 89.6, 84.6 and 97.7% (Kumagai et al. 2004) .
The meteorological data taken at Cape Irozaki included mean wind speed, maximum instantaneous wind speed, mean sea level pressure, and minimum of mean sea level pressure (data from www.data.kishou. go.jp, and shown in Kumagai et al. 2004) . Wave height data were not obtained for the 5 experimental times, and the df decreased to 18 for the middle and long dispersals. The relative importance of each variable in affecting each of the dispersal rates was assessed by evaluation of the adjusted R 2 value after its addition to a regression model. Multiple forward stepwise regression works by sequentially adding variables to the regression equation only if there is significant improvement to the coefficient of determination. In the direct observation of amphipod movement, arrival probability at the gorgonian patch was tested by the binomial test.
RESULTS

Distance effects on dispersal rate
Dispersals were observed over all distances (Fig. 3 ). The dispersal rates over the 3 distance levels and the density of the resident population were compared Dispersal rates drastically decreased with increase in distanceby about 1 order of magnitude with an increase of 1 distance level -and dispersal rates over the shortdistance were from 30 to 80% of the density in the resident population (2-way ANOVA: df = 3, MS = 1365, F = 24.43, p < 0.0001; significant differences were found among the dispersal rates except between those of the middle-and long-distance dispersals by multiple pairwise comparisons using the sequential-Bonferroni correction). Although all life history stages and sexes of individuals dispersed over all distances, composition of stages and sexes changed with increasing dispersal distance (χ 2 = 50.74, p < 0.0001) (Fig. 4) . Proportions of females increased with dispersal distance. Mature females of the resident population and colonizers over the short, middle and long distance were 3.5, 5.8, 6.5 and 19.5%, respectively. Size structure also changed with dispersal distance (Kruskal-Wallis test: H = 26.45, p < 0.0001) 
Temporal changes in the dispersal rate
Temporal changes in the dispersal rate are shown for the 3 distance levels (Fig. 6) . Dispersal rates over each of the distances were observed throughout the year, and changed temporally (short distance: ANOVA, df = 8, MS = 270.9, F = 5.85, p < 0.001; middle distance: df = 23, MS = 0.847, F = 12.4, p < 0.0001; long distance: df = 25, MS = 0.058, F = 3.22, p < 0.0001). Apparent increases in dispersal rates over the middle and long distance occurred mainly in the spring and summer. Additionally, a peak in dispersal rate was also observed in the latter part of November 2002. Multiple forward stepwise regressions accounted for fairly high percentages of the variation in dispersal rates (Table 1 ). Regression analysis revealed that 84.8% of the variance in the dispersal rate over the short distance is explained by inclusion of the population density and water temperature at the study site. In contrast, 87.4% of the middle-distance dispersal is predicted by the persistence rate of gorgonian samples and the maximum instantaneous wind speed. Similarly, 67.0% of the long distance dispersal is accounted for by the persistence rate of samples. Furthermore, remarkable increases in the dispersal rate over the middle and long distances were coincident with periods of direct effects of typhoons striking this area (the center of a typhoon passed within 10 km of the study site) (Fig. 6) .
Observations of amphipod movement
When the 20 live amphipod specimens were released at Point A (Fig. 2) , 17 specimens swam straight to the gorgonian patch and reached the patch within 1 min, but 3 individuals showed no clear directional movement and drifted away in the water column (binomial test: p < 0.01). Movement speed of the arrivals was 3.41 ± 1.05 m min -1 (mean ± SD). All dead specimens released in the same manner at Point A drifted away (p < 0.0001). When live specimens were released at Point B, they swam in all directions, but none moved toward the small rock (p < 0.0001). Furthermore, among the specimens, 6 specimens were trapped in the surface tension of water, and 1 of them returned to the water column. All dead specimens released in the same manner at Point B drifted away (p < 0.0001). These results suggested that (1) active transport is necessary to reach the gorgonian even in the shortdistance dispersal, (2) the cue of the amphipod movement is not the topography of gorgonian habitat (overhanging rock) but the presence of the gorgonian, and (3) the cue is not visual, because the amphipod swam toward the gorgonian colonies hidden by an overhang. Thus, the cue might be a diffusive chemical cue originating from the gorgonian.
DISCUSSION
Distance effects on dispersal patterns
The present study showed that the rate (Fig. 3 ) and composition (Figs. 4 & 5) of dispersing Incisocalliope symbioticus changed with increasing dispersal distance. Dispersal rate of I. symbioticus decreased with increasing dispersal distance (Fig. 3) . Though distance effects on the dispersal rate of amphipods were investigated by recolonization experiments using patches of single macroalgal species (Gunnill 1982 , Tanaka & Leite 2004 ) and artificial seagrass (Virnstein & Curran 1986) , results of those studies were not consistent with those of the present study. Dispersals were observed only over short distances (< 5 m) by Gunnill (1982) and dispersal rates increased with increasing distance in Virnstein & Curran (1986) and Tanaka & Leite (2004) .
There are 2 possible reasons for these differences. The first is related to habitat preference; most amphipod species associated with macroalgae and seagrasses show a low degree of species-specificity among host-plant species (reviewed in Hay & Fenical 1988) . If other algal species appear around the experimental patch of the studied host species, rates of recolonization and emigration by the studied amphipod species can be affected by their existence. In other words, if the amphipod prefers the experimental patch to other neighboring algal species, amphipods can migrate from the neighboring algae to the experimental patch and amphipod abundance in the patch can exceed that of the resident population, and vice versa (see Poore 2004) . In contrast, Incisocalliope symbioticus occurs only on Melithaea flabellifera, and no other possible host occurred between or around the natural patches and the experimental patches.
The second reason is a difference in predation risk. Virnstein & Curran (1986) suggested that increasing dispersal rate with increasing dispersal distance is due to escape from predation: emigrants from natural populations aggregate in the nearest refuge from predation risk. Amphipods on seaweeds and seagrasses are often subjected to heavy predation (Van Dolah 1978 , Nelson 1979a ,b, Stoner 1980 , whereas Incisocalliope symbioticus rarely experiences predation when associated with Melithaea flabellifera (unpubl. data). Therefore, the decrease in dispersal rate in I. symbioticus would simply represent only distance effects from the source population.
In dispersing Incisocalliope symbioticus, the proportions of mature females and of larger individuals increased with increasing dispersal distance (Figs. 4 &  5) . Though no previous study has shown changes in the composition of dispersing marine invertebrates with increasing dispersal distance, there are some examples that demonstrate that composition is different between resident populations and populations after emigration. Similar to the present study, Poore & Steinberg (1999) showed in a laboratory experiment that more adult than juvenile amphipods migrate among host algal species. In the tidal-flat amphipod Corophium volutator, larger proportions of adult males or small juveniles were observed during emigration, in the water column and at settlement, than in the resident population (Hughes 1988 , Lawrie & Raffaelli 1998 . Dispersal of those juveniles may be densitydependent, and those adult males may disperse searching for a mating partner (Hughes 1988 , Lawrie & Raffaelli 1998 . The dispersal of post-larval small juvenile blue crabs is density-dependent (Reyns & Eggleston 2004) . Similarly, larger proportions of small individuals of bivalves dwelling in soft sediment actively disperse (Norkko et al. 2001) . In contrast, dispersal of an ovoviviparous bivalve is passive, and size structure does not change between re-colonizing populations and resident populations (Commito et al. 1995a) .
With regard to the effects of dispersal on the maintenance of local populations, dispersal patterns of Incisocalliope symbioticus indicate that there are opposite processes between marine benthic organisms with direct development and those with pelagic larval stages. Dispersal of benthic organisms with pelagic larval stages is generally restricted to the larval or small juvenile stages. Despite their high potential for dispersal, effects of colonization on the maintenance of local populations are unclear because usually only a few of colonizers survive due to the high mortality that exists between colonization and the reproductive stage (Underwood & Fairweather 1989) . On the other hand, in spite of the low frequency of dispersal (Fig. 3) , I. symbioticus shows a tendency for larger proportions of females and large individuals to disperse farther while small juveniles stay in a local population (Figs. 4 & 5) . This tendency is advantageous for reproduction after colonization, because those females and large individuals can start reproduction within a short time after colonization, and thus can establish breeding aggregations at the colonized site as predicted by Johannesson (1988) . Thus variation in the colonization rate of females can directly affect population persistence of species with direct development. In contrast, that of males will hardly affect population persistence because 1 male is sufficient for fertilization. Furthermore, if emigrating females are already fertilized, there is no need for males to disperse. Therefore, females should disperse farther even if mortality during dispersal is high, regardless of the stability of the gorgonian patches (Kumagai et al. 2004 ) as predicted by Hamilton & May (1977) .
Additionally, colonizers can start reproduction throughout the year, because reproduction (unpubl. data) and dispersal (Fig. 6) of Incisocalliope symbioticus occurs all year round. Consequently, dispersal rates of I. symbioticus over the long distance (representing distances among local populations) were quite small ( Fig. 3 ) and thus colonizers themselves may not markedly affect density of the overall population in Oura Bay, unlike benthic invertebrates undertaking post-larval dispersal (Reyns & Eggleston 2004) . However, those colonizers have the potential for rapid establishment of a breeding aggregation (Figs. 4 & 5) , and may therefore be responsible for the maintenance of local populations. This trait is more similar to that of insects rather than that of other marine benthic invertebrates and fishes. This is because dispersal is largely due to adults with higher dispersal ability, which can immediately start reproduction after colonization, as is also observed for insects (Begon et al. 1996) .
Dispersal process
Major processes driving Incisocalliope symbioticus dispersal seem to be different between shorter-and longer-distance dispersals. In the middle-and the long-distance dispersals, dispersal rates changed with an index of the hydrodynamic drag force (Table 1) . This means that the amphipod was passively transported over the long distance. A possible long-distance dispersal mechanism for amphipods is rafting (Kingsford & Choat 1985 , Johannesson 1988 . However, there is little probability that Melithaea flabellifera colonies drift over large distances. Colonies of the gorgonian seem to detach and sink down to the bottom, because its specific gravity is greater than that of seawaterdetached colonies are often found on the sea bottom just below the patch after typhoon events (pers. obs.). Furthermore, I. symbioticus would not colonize drifting substrates such as seaweeds because the amphipod has a strong habitat specificity to the gorgonian (unpubl. data). Thus, the mechanism of long-distance dispersal of I. symbioticus is not considered to be rafting.
Other possible passive dispersal mechanisms for amphipods have also been suggested: drift by winddriven currents in the water column (e.g. Commito et al. 1995b , Turner et al. 1997 , Reyns & Eggleston 2004 , and in the surface tension of seawater (Highsmith 1985) . There are currents along the coast in Oura Bay (Obara 1937) . The currents can assist Incisocalliope symbioticus in reaching Melithaea flabellifera patches, located along the coast in Oura Bay. Indeed, some live specimens of I. symbioticus were trapped in the surface tension of seawater, as proposed by Highsmith (1985) . Furthermore, remarkable increases in the dispersal rate were coincident with the effects of typhoons (Fig. 6) . Therefore, strong hydrodynamic drag force during typhoon and storm events may be a major cause of long distance dispersal of I. symbioticus.
Active transport would be the major dispersal mechanism of Incisocalliope symbioticus over a short distance, because the amphipod has sufficient swimming ability, similar to other free-living amphipods (Ingòlfs-son & Agnarsson 2003) , and much greater than that of zooplankton such as copepods (e.g. Seuront et al. 2004) . Similarly, amphipods inhabiting seagrass and macroalgal beds actively swim and frequently move within a bed (e.g. Howard 1985) . Furthermore, rates of short-distance dispersals changed seasonally with the density of the resident population, as found for the dispersals of other amphipods (Franz & Mohamed 1989 , Tanaka & Leite 2004 and of other marine benthic organisms with direct development (e.g. Commito et al. 1995a ). These patterns may have resulted from density-dependent active transport (Franz & Mohamed 1989 , Tanaka & Leite 2004 .
Long-distance dispersal of Incisocalliope symbioticus cannot be entirely passive. If this were the case, the composition of the colonizers would not change with increasing dispersal distance after emigration (Commito et al. 1995a , Norkko et al. 2001 . Actually, the proportions of females and large individuals increased with dispersal distance (Figs. 4 & 5) . Three working hypotheses are considered as the mechanism of longdistance dispersal of I. symbioticus. (1) Long dispersal of I. symbioticus itself is entirely passive. At emigration, wave drag force detaches larger amphipods from colonies of Melithaea flabellifera more easily than smaller ones. During dispersal, predators such as fishes selectively consume smaller individuals and males, and thus result in the observed composition of dispersing amphipods. The degree of change expands with the increasing amount of time required for dispersal. (2) Conversely, an entirely active dispersal mechanism is also possible. More females and larger individuals actively emigrate during storm and typhoon events. Females and larger individuals have a greater ability to swim and to find other M. flabellifera patches. (3) Combination of the passive and active movements causes the observed dispersal patterns.
In relation to the first hypothesis, if dispersal is entirely passive, the vast majority of emigrants would disperse only to become lost (see 'Results': Observations of amphipod movement). To realize the observed dispersal rates over the long distance (Fig. 3) , enormous numbers of individuals would have to emigrate. In that case, increase in dispersal rates may cause a severe decrease in population density. However, none of the dispersal rates were negatively correlated with population density (Table 1 ). This indicates that the dispersal of the amphipod is not entirely passive. Furthermore, fishes generally selectively consume larger amphipods rather than small ones (Nelson 1979a , Sudo & Azeta 1992 , Edgar & Aoki 1993 , contrary to this hypothesis. This is often interpreted as optimal foraging, where smaller prey items encountered by fishes are ignored due to their low energetic content (Charnov 1976) . Similarly, in terms of energetic content, the values of females (particularly individuals with embryos) are obviously larger than males. This also falsifies the first hypothesis.
Considering the second hypothesis, the time required for Incisocalliope symbioticus to swim over 70 m (the distance for the long-dispersal experiments) is estimated to be less than 20 min when simply calculated from the swimming speed obtained in the observations. The swimming ability might be enough not only for the short-distance dispersals but also the middle-and long-distance dispersals. However, the hydrodynamic drag force during typhoons and storms may be too strong for amphipods to move actively. If possible, it may be too wasteful in terms of energy consumption. Therefore, the most likely hypothesis is the third one above, i.e. the driving force of the long-distance dispersal is more passive than active, but the emigration and control of direction is due to active movement. Females and larger individuals have a greater ability to swim and to find Melithaea flabellifera patches. Active swimming may play a more important role (particularly in selecting the dispersal direction) than previously suggested (Palmer et al. 1996) .
Dispersal traits as a habitat specialist
As a habitat specialist there are 2 difficulties faced by Incisocalliope symbioticus in the process of dispersal. One difficulty is that the occurrence of suitable habitat for colonization in the coastal area is infrequent. In order to encounter habitat patches, precise locating ability is needed for habitat specialists (reviewed in Pawlik 1992 ). Within at least 2 m in calm sea conditions, the amphipod might utilize diffusive chemical cues originating from the gorgonian for location (see 'Results: Observations of amphipod movement'). Indeed, waterborne compounds are thought to be used as a cue for settlement in some marine habitat specialists (reviewed in Pawlik 1992). Furthermore, there was a peak in dispersal rate over the middle and long distance in the latter part of November 2002 (Fig. 6) , despite the low density in the resident population (Kumagai & Aoki 2003) . The evidence supports the notion that I. symbioticus is capable of efficient migration utilizing large water movements during storm and typhoon events.
Another difficulty is the predation risk faced during dispersal in the water column. Host specialization of some specialist amphipods on noxious hosts may be explained as a strategy to escape heavy predation (e.g. Hay et al. 1987 , 1990 , Duffy & Hay 1994 . Gorgonians are also chemically well-protected (reviewed in Coll 1992) . Therefore, for habitat specialists like Incisocalliope symbioticus, dispersal in the water column is potentially the most risky period of their life. In fact, I. symbioticus is easily consumed by fish in the still and clear water column (pers. obs.). However, storms and typhoons can help the amphipod to disperse more safely. During storms and typhoons, extremely increased turbidity and turbulence of seawater may reduce predation by fishes (MacKenzie et al. 1994 , Utne 1997 . In summary, I. symbioticus may utilize diffusive chemical cues originating from the gorgonian to precisely locate and use typhoon and storm events to minimize predation risk during dispersal.
CONCLUSION
The dispersal rate of Incisocalliope symbioticus decreased with increasing dispersal distance from the source population, but the proportion of females and larger individuals increased. The dispersal rates over the long distance (representing the distance among local populations) were quite small, and thus colonizers themselves may not markedly affect the density of the overall population. However, those colonizing larger females had the potential for rapid establishment of breeding aggregations, and therefore were responsible for the maintenance of local populations. This trait is more similar to that of insects rather than that of marine benthic organisms with pelagic larval stages. The mechanism of long-distance dispersal of the amphipod seems to be largely passive transport, driven by typhoon and storm events. Nevertheless, active transport (required to move toward and to locate habitat patches) was also a necessary component of migration, because the habitat of the amphipod only occurs sporadically.
